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SwineThe single transmembrane-spanning Ca2+-binding protein, STIM1, has been proposed to function as a Ca2+
sensor that links the endoplasmic reticulum to the activation of store-operated Ca2+ channels. In this study,
the presence, subcellular localization and function of STIM1 in store-operated Ca2+ entry in oocytes was
investigated using the pig as a model. Cloning and sequence analysis revealed the presence of porcine STIM1
with a coding sequence of 2058 bp. In oocytes with full cytoplasmic Ca2+ stores, STIM1 was localized
predominantly in the inner cytoplasm as indicated by immunocytochemistry or overexpression of human
STIM1 conjugated to the yellow ﬂuorescent protein. Depletion of the Ca2+ stores was associated with
redistribution of STIM1 along the plasma membrane. Increasing STIM1 expression resulted in enhanced Ca2+
inﬂux after store depletion and subsequent Ca2+ add-back; the inﬂux was inhibited when the oocytes were
pretreated with lanthanum, a speciﬁc inhibitor of store-operated Ca2+ channels. When STIM1 expressionwas
suppressed using siRNAs, there was no change in cytosolic free Ca2+ levels in the store-depleted oocytes after
Ca2+ add-back. The ﬁndings suggest that in oocytes, STIM1 serves as a sensor of Ca2+ store content that after
store depletion moves to the plasma membrane to stimulate store-operated Ca2+ entry.
Published by Elsevier Inc.Introduction
Ionized calcium (Ca2+) is one of the most important second
messengers in cellular signaling. In response to physiological or
pathological stimuli, the low intracellular free Ca2+ concentration
[Ca2+]i in resting cells becomes brieﬂy elevated and the generated
Ca2+ signal can regulate a diverse range of cellular responses
(Berridge et al., 2000). In non-excitable cells, the major mechanism
for Ca2+ signaling involves the phosphoinositide pathway. Agonist
binding to speciﬁc receptors on the plasma membrane activates an
isoform of phospholipase C which in turn catalyzes the cleavage of
membrane-bound phosphatidylinositol 4,5-bisphosphate (PIP2) into
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). The
primary role of DAG is to activate protein kinase C, while IP3 interacts
with its receptor on the surface of the endoplasmic reticulum and
stimulates the release of Ca2+ from the intracellular stores (reviewed
by Berridge, 1993). Signal transduction at fertilization also involves
Ca2+ signals that are responsible for activating the oocytes' deve-
lopmental program (Cuthbertson et al., 1981). During fertilization,
the sperm delivers the enzyme phospholipase C-zeta (PLC-ζ) to the
oocyte's cytoplasm that leads to the hydrolysis of PIP2 and the release
of Ca2+ from the stores (Saunders et al., 2002). In mammals, the initial
[Ca2+]i increase is followed by a series of Ca2+ transients; these.
Inc.transients result from the cyclic release and subsequent re-uptake of
Ca2+ by the endoplasmic reticulum.
In addition to the release of the stored Ca2+ from the endoplasmic
reticulum, a continuous inﬂuxof Ca2+ through the plasmamembrane is
necessary to maintain the oscillation (Igusa and Miyazaki, 1983). The
Ca2+ inﬂux pathway seems to be activated by depletion of the
intracellular Ca2+ stores. Previous works on the mechanisms of Ca2+
transients revealed that the initiation of Ca2+ entry requires signaling
from thedepleted intracellular stores to store-operated channels (SOCs)
in the plasma membrane (reviewed by Putney, 2005). However, the
identity of the signal that links store depletion to the plasmamembrane
Ca2+ inﬂux channels has remained unresolved for a long time.
Recently, the stromal interaction molecule (STIM) family proteins
have been proposed to function as transducers of the empty signal
from the endoplasmic reticulum to the plasma membrane. By using
large scale RNAi screens it was found that Stim in Drosophila S2 cells
and its mammalian homologue STIM1 in human T lymphocytes are
critical in the activation of Ca2+ release-activated Ca2+ (CRAC)
channels, a type of SOCs identiﬁed in a variety of cells (Liou et al.,
2005; Roos et al., 2005). STIM1 is a type 1a single-pass transmem-
brane protein containing several conserved domains including a
sterile-alpha motif (SAM), a coiled coil region and an EF-hand domain
(Manji et al., 2000; Williams et al., 2002). Because of the EF-hand and
the presence of a single transmembrane domain, STIM1 was
suggested to be an ideal candidate as the Ca2+ store-sensing
component for the Ca2+ release-activated Ca2+ entry pathway.
Additional research conﬁrmed that STIM1 was localized on the
Fig. 1. Expression of STIM1 in porcine oocytes. Messenger RNA was isolated from the
oocytes and used as a template for RT-PCR. Lane 1: 264 bp β-actin cDNA (control), lane
2: molecular weight marker, lane 3: 248 bp STIM1.
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oriented in the store's lumen. Store depletion triggers a rapid
redistribution of STIM1 near the plasma membrane where it activates
CRAC channels and triggers the inﬂux of Ca2+ (Liou et al., 2005; Zhang
et al., 2005; Spassova et al., 2006).
Although the maintenance of the low frequency Ca2+ oscillation is
a prerequisite for normal fertilization in mammals, little is known
about the mechanism that regulates Ca2+ inﬂux after store depletion
in the oocyte. In this study, the presence of STIM1 in oocytes was
investigated using the pig as a model; efforts were also made to
characterize the function of STIM1 in regulating store-operated Ca2+
entry in the oocytes.
Materials and methods
Chemicals
All chemicals were purchased from Sigma-Aldrich Chemical
Company (St. Louis, MO) unless otherwise indicated.
Oocyte maturation
Ovaries from prepubertal gilts were collected at a local abattoir.
Follicular ﬂuid was aspirated from medium size (4 to 8 mm) follicles.
Oocytes with intact cumulus investment and evenly dark cytoplasm
were selected. The cumulus–oocytes complexes (COCs) were rinsed
two times in Hepes-buffered Tyrode's Lactate (TL-Hepes) medium.
The COCs were then rinsed three times in Tissue Culture Medium 199
(TCM-199) and incubated in the same medium supplemented with
0.1 mg/ml cysteine, 10 ng/ml epidermal growth factor (EGF), 10 IU/
ml luteinizing hormone (LH) and 10 IU/ml follicle stimulating
hormone (FSH) at 39 °C in 5% CO2 in air for 42 h. At the end of the
maturation period the oocytes were collected and the surrounding
cumulus cells were removed by vigorous vortexing for 6 min in the
presence of 2 mg/ml hyaluronidase. Oocytes with an intact plasma
membrane and evenly dark cytoplasm were collected and used for
the experiments.
RT-PCR
Messenger RNAwas isolated from pools of 50 mature oocytes. The
oocytes were rinsed three times in phosphate-buffered saline (PBS)
containing 0.1 mg/ml polyvinyl alcohol (PVA) and 0.1 mg/ml
diethylpyrocarbonate (DEPC) and placed into 100 μl lysis/binding
buffer consisting of 100 mM Tris–HCl, 500 mM LiCl, 10 mM EDTA, 1%
LiDS and 5 mM dithiothereitol. The Dynabeads™ mRNA DIRECT™
Micro Kit (Invitrogen Corporation; Carlsbad, CA) was used to isolate
mRNA. Magnetic beads with mRNA attached were re-suspended in
20 μl of reverse transcription (RT) reaction mix consisting of 4 μl of 5×
iScript Reaction Mix, 1 μl of iScript Reverse Transcriptase and 15 μl of
nuclease-free water (iScript™ cDNA Synthesis Kit; Bio-Rad; Hercules,
CA). Reverse transcription reactionswere carried out under conditions
of 25 °C for 5 min followed by 42 °C for 30 min and 85 °C for 5 min.
To demonstrate the presence of STIM1 in porcine oocytes, coding
sequences of STIM1 of various species were obtained from GenBank
and used to ﬁnd porcine ESTs that showed high similarities to these
sequences. Primers were designed based on a porcine EST sequence
(GenBank ID: BI338098) that showed 97.8% amino acid identity with
STIM1 of other species (human, mouse, and bovine). The primers
were expected to amplify a 248 bp DNA fragment from porcine cDNA.
The forward primer used was 5′-TTGCCAAGCAGGAAGCCCAG-3′, and
the reverse primer was 5′-AGCTGCTTCTCGGCGTTCTG-3′. As an
internal control, β-actin primers were used. These primers were
able to amplify a 264 bp fragment from porcine cDNA or a 350 bp
fragment from porcine genomic DNA. The sequence of the forward
primer was 5′-GC-TGTATTCCCCTCCATCGT-3′, and that of the reverseprimer was 5′-ACGGTTGGCCTTAG-GGTTCA-3′. The PCR was carried
out using the HotStarTaq Master Mix (Qiagen; Valencia, CA) with
cDNA obtained from the 50 oocytes. The reaction was started with
1 cycle of 95 °C for 15 min, followed by 32 cycles of denaturation for
45 s at 94 °C, annealing for 45 s at 55 °C, and extension for 45 s at 72 °C,
with a 10-min ﬁnal extension following the last cycle. The PCR
products were separated using electrophoresis on a 1.5% agarose gel.
Gene cloning
To clone the STIM1 coding sequence, two pairs of primers were
designed based on porcine ESTs (GenBank ID: BE663170 and
BX918614) that showed more than 95% amino acid identity with
human, mouse and bovine STIM1 sequences. The ﬁrst set of primers
had the following nucleotide sequence: forward, 5′-CCTA-
CCGTCATGGATGTGTGCG-3′; reverse, 5`-AGCTG-CTTCTCGGCGTTCTG-
3`; the second set of primers was the following: forward, 5′-CCTACC-
GTCATGGATGTGTGCG-3′; reverse, 5′-TGCGGGGACAGCAACTAAGA-3′.
The primer sets were expected to amplify two fragments of the STIM1
coding sequence from porcine oocytes, a 1028 bp and a 1491 bp
fragment, with a 176 bp overlap. The β-actin primers described above
were also used to detect genomic DNA contamination. The PCR was
carried out using the HotStarTaq Master Mix (Qiagen) with cDNA
obtained from50oocytes. The reactionwas startedwith 1 cycle of 95 °C
for 15 min, followed by 32 cycles of denaturation for 45 s at 94 °C,
annealing for 45 s at 55 °C, and extension for 2 min at 72 °C, with a 10-
min ﬁnal extension after the last cycle. The ampliﬁed products of the
PCR reaction were separated on a 1% agarose gel. They were then
inserted into a TOPO 2.1 vector by using the TOPO TA Cloning Kit
(Invitrogen) and the vector was transformed into competent E. coli
cells. The bacterial cells were incubated for 12 h on LB plates
supplemented with 50 μg/ml ampicillin. After selection, a colony
was picked from the plate and incubated for 12 h in LB with 50 μg/ml
ampicillin. The plasmids in the E. coliwere puriﬁed using FastPlasmid™
Mini (Eppendorf; Westbury, NY). The isolated plasmid was digested
with EcoR1 restriction enzyme and the ﬁnal products were separated
on a 1 % agarose gel. The plasmid was sent to the DNA Sequencing Low
Throughput Laboratory of Purdue University for sequencing.
Immunocytochemistry
Mature oocytes were collected and the zonae pellucidae were
removed using 0.5% protease in TL-Hepes containing 0.1 mg/ml PVA
(TL-Hepes-PVA). The oocytes were rinsed in PBS and ﬁxed in 3.7%
paraformaldehyde for 15 min at room temperature. After ﬁxation, the
oocytes were washed and permeabilized in PBS containing 0.1 %
370 S. Koh et al. / Developmental Biology 330 (2009) 368–376Triton X-100 for 15 min. The oocytes were washed in PBS containing
0.01% Tween-20 with 2% bovine serum albumin (BSA) and non-
speciﬁc binding sites were blocked by incubation in the same
medium overnight at 4 °C. The oocytes were then incubated with
mouse monoclonal IgG2a primary antibody (dilution 1:50) raised
against human STIM1 (BD Biosciences; Franklin Lakes, NJ) overnight
at 4 °C. Following incubation with the primary antibody, the oocytes
were stained with a rhodamine-conjugated rabbit polyclonal anti-
mouse antibody (Abcam, Inc.; Cambridge, MA; dilution 1:200) for
30 min at room temperature. Oocytes incubated with the secondaryFig. 2. Amino acid sequence of mouantibody only were used as control. The intracellular localization of
STIM1 in the oocytes was then examined using a laser-scanning
confocal microscope.
In vitro transcription
The YFP-STIM1 plasmid encoding the yellow ﬂuorescent protein
(YFP) conjugated to the N-terminus of human STIM1 downstream of
the CMV promoter (a generous gift from Drs. Jen Liou and Tobias
Meyer at Stanford University) was transcribed in vitro. To allow inse, human and porcine STIM1.
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purpose a primer set was designed based on the coding sequence of
human STIM1 (GenBank accession number: NM003156). The non-
priming T7 promoter sequence, TAATACGACTCACTATAGGG was
added 5′ to the forward primer to amplify the T7-YFP-STIM1
double-stranded DNA fragment from the original plasmid. The
forward primer used was 5′-TAATACGACTCACTATAGGGA-GAA-
TGGATGTATGCGTCCGTCTTGC-3′ and the reverse primer was 5′-
CGCCTACTTCTT-AAGAGGCTTCTTAAAGATTTTGAGAGG-3′. The pri-
mers were expected to amplify a fragment of about 2900 bp from
the plasmid. A plasmid encoding YFP driven by the T7 promoter (to
be injected into control oocytes) was also constructed. The PCR
reactions were carried out using Platinum® Taq DNA Polymerase
High Fidelity (Invitrogen). The PCR products were electrophoresed
on a 0.8% agarose gel and after size conﬁrmation they were puriﬁed
by the QIAquick PCR Puriﬁcation Kit (Qiagen) following the
manufacturer's recommendations. The PCR products were then
transcribed in vitro using the mMESSAGE mMACHINE Kit (Ambion;
Austin, TX). The kit generates capped RNAwith a 7-methyl guanosine
cap structure [m7G(5′)ppp(5′)G] at the 5′ end. After mixing the
individual components of the reaction, the mix was incubated at
37 °C for 1 h. The template DNA was removed by a 15-min incubation
in the presence of TURBO DNase (Ambion) at 37 °C. The RNA was
puriﬁed by LiCl precipitation and the pellet was re-suspended in
nuclease-free water to a ﬁnal concentration of 1.6 μg/μl. After making
5 μl aliquots, the samples were stored at −80 °C.
RNA interference
Small interfering RNA (siRNA) was generated to target the SAM
domain-encoding region of the STIM1 gene as described in a previousFig. 3. Laser-scanning confocal images showing the distribution of STIM1 in porcine oocytes
sectionswere combined in each case except for imageC. Images A, B, andC showoocytes treated
secondaryantibody. (A)Middle section of a non-treated control oocyte; (B)Middle section of a
treated oocyte (C). Images D and E show the distribution of exogenously expressed YFP-STIM1
section of the same oocyte after thapsigargin-induced store depletion. The white circles indicreport (Jousset et al., 2007). Potential siRNA sequences were designed
by Invitrogen through the Stealth™ RNAi program based on the
sequence of the predicted porcine SAM domain-encoding region. The
target region of each potential siRNA was then blasted against all
available porcine sequences in GenBank to determine speciﬁcity. The
following strands which showed the highest speciﬁcity were selected:
sense, 5′-UCACGUACG-UGGAGCUGCCUCAGUA; and antisense, 5′-
UACUGAGGCAGCUCCACGUACGUGA. The siRNA was diluted to a ﬁnal
concentration of 1, 20 and 100 μMinDEPC-treated nuclease-freewater,
aliquoted and stored at−20 °C until use. Oocytes injected with a non-
silencing siRNA duplex (sense, 5′-UCAAUGCGUAGCGGUCCCUAGC-
GUA; antisense, 5′-UACGCUAGGGA-CCGCUACGCAUUGA; from Invi-
trogen) or with DEPC-treated nuclease-free water were used as
negative controls. The siRNAs were then microinjected into the
oocytes. To demonstrate that the microinjected siRNA effectively
downregulated STIM1 expression, mRNAwas isolated from 20 oocytes
that had been microinjected with siRNA against STIM1 and reverse
transcribed. A STIM1 fragment was then ampliﬁed from the cDNA by
PCR; the PCR products were separated on a 1.5% agarose gel.
RNA microinjection
The oocytes were denuded 36 h after the beginning of maturation
and YFP-STIM1 mRNA, YFP mRNA or siRNA was injected into the
oocytes' cytoplasm using a FemtoJet microinjector (Eppendorf).
Microinjection was performed in Ca2+-free TL-Hepes to avoid
accidental oocyte activation as a result of Ca2+ contamination, on
the heated stage of a Nikon TE2000-U inverted microscope (Nikon
Corporation; Tokyo, Japan). The microinjected oocytes were rinsed
with TCM-199 three times and incubated in TCM-199 supplemented
with 0.1 mg/ml cysteine and 10 ng/ml EGF at 39 °C in 5% CO2 in air.before and after store depletion. In order to better visualize STIM1 localization, 5 optical
with an antibody raised against STIM1 and then incubatedwith a rhodamine-conjugated
thapsigargin-treatedoocytewithemptyCa2+ stores; (C) Cortical section of a thapsigargin-
in a live oocyte. (D)Middle section of a control oocytewith calcium stores full; (E)Middle
ate the approximate location of the zona pellucida; the bars indicate 50 μm.
Fig. 4. STIM1 overexpression as demonstrated by Western blot analysis. Oocytes
(n=800) microinjected with YFP-STIM1 mRNA were pooled and analyzed using an
anti-GFP antibody; the control included 800 non-injected oocytes. The expected size of
the YFP-STIM1 fusion protein is ∼110 kDa.
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based on previous experiments), the ooyctes with ﬁrst polar bodies
and intact plasma membranes were selected and used for further
analyses.
Western blot
Approximately 800 oocytes microinjected with mRNA encoding
the YFP-STIM1 fusion protein were lysed, collected in SDS sample
buffer and boiled for 3 min. The samples were then centrifuged at
12,000 ×g for 4 min and proteins were separated by SDS-PAGE in an
ice-covered box using a 5% stacking gel and a 12% separating gel (for
30min at 90 V and 2.5 h at 120 V, respectively). The separated proteins
were electrophoretically transferred onto a PVDF membrane by the
semi-dry transfer method at 180 mA for 1 h. After blocking at room
temperature for 1 h in TBST buffer containing 5% non-fat milk, the
membrane was incubated with anti-GFP polyclonal antibody (Abcam,
1:700) overnight at 4 °C. After three washes in TBST, the membrane
was incubated for 1 h at room temperature with horseradish
peroxidase (HRP)-conjugated anti-rabbit immunoglobulin G (Pro-
mega; Madison, WI) diluted 1:1500 in TBST. The membrane was then
washed three times in TBST and processed using the enhanced
chemiluminescence (ECL) detection system (Pierce Thermo Scientiﬁc,
Rockford, IL).
Cytosolic Ca2+ measurements
The oocytes were loaded with the Ca2+ indicator dye fura-2. For
this purpose they were incubated in the presence of 2 μM of theFig. 5. The effect of STIM1 overexpression on store-operated Ca2+ entry. Oocytes were pre-inc
After measuring the baseline Ca2+ level, Ca2+-containing TL-Hepes was added (arrow) to th
Lanthanum (conc. 1 μM) blocked the thapsigargin-induced Ca2+ entry in oocytes overexpreacetoxymethyl ester form of the dye and 0.02% pluronic F-127 for 40–
50 min (both from Invitrogen). After incubation, individual oocytes
were transferred into a measuring chamber and changes in the [Ca2+]i
were recorded using InCyt Im2, a dual-wavelength ﬂuorescence
imaging system (Intracellular Imaging, Inc.; Cincinnati, OH). The
[Ca2+]i was determined from the ratio of fura-2 ﬂuorescence at
510 nm excited by UV light alternatively at 340 and 380 nm. The
ﬂuorescence ratio was compared against a standard curve of known
Ca2+ concentrations preparedwith fura-2 potassium salt (Invitrogen).
Each Ca2+ measurement was performed for at least 15 min and the
measurements in each treatment group were repeated using different
oocytes. The intracellular Ca2+ levels are presented as ﬂuorescence
ratio values; ratios of 0.97 and 5.0 represent 100 and 1040 nM Ca2+,
respectively.
Results
STIM1 is present in porcine oocytes
The expression of STIM1 was monitored by investigating the
presence of STIM1 mRNA in porcine oocytes. The designed primers
successfully ampliﬁed the expected 248 bp fragment of STIM1 cDNA.
The β-actin primers ampliﬁed only a 264 bp fragment indicating that
there was no contamination from genomic DNA in the reaction mix
(Fig. 1).
The oligonucleotide primers designed to clone the STIM1 gene
ampliﬁed two fragments of the expected size: one with 1028 bp and
another with 1491 bp. Sequence data from the PCR products were
combined that led to the identiﬁcation of a 2058 bp product of the
porcine STIM1 coding sequence (the information was submitted to
GenBank, accession number EU038298). This coding sequence has
the same length as human and mouse STIM1, and is somewhat
longer than the 2052 bp long bovine STIM1 coding sequence. Cloning
and sequencing of the ampliﬁed fragments revealed identities of 91%
at the DNA and 95.9% at the amino acid level compared to the human
homologue (Fig. 2). Comparison with mouse STIM1 DNA showed an
88.2% identity. In some occasions a longer transcript variant of STIM1
was found that contained an additional 93 bp; the additional
sequence was localized at the predicted coiled coil region of STIM1ubated with 50 μM thapsigargin in Ca2+-freemedium for 1 h to deplete the Ca2+ stores.
e medium. The [Ca2+]i increase in oocytes overexpressing STIM1 was markedly larger.
ssing the STIM1 protein. The values are indicated as mean±SEM (n=10).
Fig. 6. Downregulation of STIM1 expression in porcine oocytes. Oocytes were
microinjected with three different concentrations of siRNA against STIM1 (1 μM,
20 μM and 100 μM) or 100 μM non-silencing siRNA (control). STIM1 mRNA was then
isolated and reverse transcribed; the resulting cDNA was ampliﬁed using appropriate
primers and separated using gel electrophoresis. The expression of β-actin was also
monitored as a control.
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with the predicted STIM1 precursor found in Rhesus monkey and
chimpanzee. These results clearly indicate that porcine oocytes
express STIM1 that has high similarities with STIM1 found in other
species.
Store depletion leads to STIM1 translocation
The immunocytochemical analysis demonstrated that in mature
oocytes endogenous STIM1 was localized predominantly in the inner
regions of the cytoplasm (n=12; Fig. 3A). When the intracellular
stores were depleted using thapsigargin (thapsigargin blocks micro-
somal Ca2+ ATPases, and thereby prevents pumping of Ca2+ into the
endoplasmic reticulum that leads to store depletion), STIM1 under-
went a rapid translocation. Following a 1-h treatment with 50 μM
thapsigargin in Ca2+-free medium, STIM1 rearranged into punctuate
structures in the cell periphery (Figs. 3B and C). Theses oocytes
(n=10) showed ﬂuorescence primarily in the cortical region
indicating that in response to the depletion of the intracellular Ca2+
stores STIM1 migrated from the cytoplasm to the plasma membrane.
Control oocytes (n=8) that were incubated with the secondary
antibody only displayed no red ﬂuorescence (data not shown).
Overexpression of STIM1 tagged with YFP gave a similar result.
When the intracytoplasmic Ca2+ stores were full, the yellow
ﬂuorescent signal was distributed in the cytoplasm (n=14; Fig. 3D).
After the thapsigargin treatment in Ca2+-freemedium, the signal from
the inner cytoplasm mostly disappeared (n=10; Fig. 3E); these
oocytes showed YFP-STIM1 accumulation in the cortical cytoplasm. In
oocytes injected with YFP mRNA (n=12), the yellow ﬂuorescent
signal showed no speciﬁc accumulation before or after store
depletion, while the oocytes injected with the carrier medium aloneFig. 7. Results of immunocytochemical analysis indicating downregulation of STIM1 protein le
against STIM1. The white circle in each picture indicates the location of the zona pellucida. N
The bars represent 50 μm.(n=10) displayed no ﬂuorescence in their cytoplasm (data not
shown). This again suggests that store depletion resulted in the
translocation of YFP-STIM1 from the cytoplasm to the plasma
membrane.
STIM1 overexpression enhances store-operated Ca2+ entry
The STIM1 protein was overexpressed in porcine oocytes by
microinjection of YFP-STIM1mRNA produced by in vitro transcription.
The exogenously expressed STIM1 was demonstrated in the injected
oocytes by Western blot analysis. After microinjection of YFP-STIM1
mRNA followed by 15 h of incubation, an ∼110 kDa band indicating
YFP-conjugated STIM1 was clearly detectable in the gel; this band was
absent in control non-injected oocytes (Fig. 4).
The Ca2+ stores were then depleted by incubating fura 2-loaded
oocytes with thapsigargin in Ca2+-free TL-Hepes medium. This was
followed by placing individual oocytes in 50 μl of Ca2+-free medium
on the stage of an inverted microscope and after a baseline
ﬂuorescence recording 1 ml of TL-Hepes containing 2 mM Ca2+ was
added to the medium. In control oocytes (either non-injected or
injected with the carrier medium only) the addition of Ca2+ to the
external medium induced an elevation in the intracellular free Ca2+
concentration (n=5; Fig. 5). This suggested that the mechanism of
store-operated Ca2+ entry was activated which created a Ca2+ inﬂux
into the cytoplasm. In oocytes where the STIM1 protein had been
overexpressed, the re-addition of Ca2+ after the thapsigargin treat-
ment stimulated enhanced Ca2+ inﬂux (n=10). When 1 μM
lanthanum (La3+), a speciﬁc inhibitor of the store-operated Ca2+
channels (Smyth et al., 2006) was added to the oocytes after STIM1
mRNA injection and the subsequent 15-h translation period, the
thapsigargin-induced Ca2+ inﬂux was almost completely abolished
(n=11). This clearly indicates that the overexpressed STIM1 protein
speciﬁcally activated SOCs in the plasma membrane.
STIM1 suppression blocks store depletion-induced Ca2+ inﬂux
In order to further clarify the role of STIM1 in the store-operated
Ca2+ entry mechanism in oocytes, STIM1 expression was suppressed
by using siRNA against STIM1. To demonstrate the efﬁciency and
speciﬁcity of the siRNA, three different concentrations, 1 μM, 20 μM
and 100 μM of siRNA were tested. We found that 15 h after siRNA
injection, the amount of STIM1 mRNA was highly suppressed in all
three groups, whereas the control β-actin gene was expressed in the
injected oocytes at an unaltered level (Fig. 6). In control oocytes
that were injected with non-silencing siRNA, STIM1 expression
remained high. In addition, microinjection of 100 μM siRNA also led
to decreased protein levels in the ooplasm as indicated by indirectvels in porcine oocytes. (A) Non-treated oocyte; (B) Oocyte injected with 100 μM siRNA
ote the decreased number of spots with red ﬂuorescence in the microinjected oocytes.
Fig. 8. Suppression of thapsigargin-induced Ca2+ inﬂux by STIM1 siRNA. Oocytes were pre-incubated with 50 μM thapsigargin in Ca2+-free medium for 1 h to deplete Ca2+ stores.
After a brief baseline measurement, Ca2+-containing TL-Hepes was added (arrow) to the medium. The Ca2+ inﬂux in STIM1-suppressed oocytes was markedly smaller than that in
control oocytes injected with the carrier medium (shown) or non-silencing siRNA. The values are presented as mean±SEM (n=10).
374 S. Koh et al. / Developmental Biology 330 (2009) 368–376immunosytochemistry (Fig. 7). Oocytes injected with 100 μM siRNA
that showed the lowest STIM1 mRNA levels were selected for the
Ca2+ measurements.
Injecting porcine oocytes with 100 μM STIM1 siRNA successfully
suppressed the Ca2+ release-induced Ca2+ inﬂux. The Ca2+ content of
the endoplasmic reticulum was depleted using thapsigargin in Ca2+-
free medium and Ca2+ was then re-added to the medium holding the
oocytes. This led to an increase in the intracellular free Ca2+ levels in
control oocytes injected with either non-silencing siRNA (n=9) or
carrier medium (n=8), while in the siRNA-treated group (n=11)
there was no change in the cytosolic free Ca2+ concentration (Fig. 8).
In a similar experiment, general protein synthesis was inhibited in the
oocytes by incubation in the presence of 10 μg/ml cycloheximide for
15 h. Store-operated Ca2+ entry was completely blocked in these
oocytes, although they were capable of generating a large elevation in
their cytosolic free Ca2+ levels when treated with 50 μM ionomycin
(data not shown). These results demonstrate that downregulation of
STIM1 expression effectively blocks store-operated Ca2+ entry.
Discussion
Store-operated Ca2+ inﬂux is critical in a number of cellular
processes (reviewed by Smyth et al., 2006). The Ca2+ that enters the
cell as a result of store depletion replenishes the endoplasmic
reticulum and maintains its ability to generate additional signals
(Parekh and Putney, 2005). It is also a key regulator of endoplasmic
reticulum function, essential for processes that require a sufﬁcient
level of Ca2+ in the stores such as protein folding, protein trafﬁcking,
apoptosis and stress response (Burdakov et al., 2005). In addition, the
Ca2+ inﬂux in some cell types provides the sustained elevation in
cytoplasmic Ca2+ levels that stimulates events downstream in the
signaling pathway (Lewis, 2001). However, the molecular mechanism
that signals the depletion of the cytoplasmic stores to the Ca2+ inﬂux
channels in the plasma membrane has been a major unresolved
puzzle of cell biology. According to one model, an intermediate
signaling mechanism is utilized by the cell to communicate informa-
tion from the empty stores to plasma membrane channels to enable
Ca2+ to enter the cell and reﬁll the stores (Putney, 1986, 1991).
Recently, STIM1 has been suggested to play a major role in the store-operated Ca2+ entry pathway in a number of cell types. It was
proposed to serve as a sensor for the Ca2+ content of the endoplasmic
reticulum that after store depletion moves to the plasma membrane
and activates CRAC channels (Liou et al., 2005; Roos et al., 2005; Zhang
et al., 2005). Herewe report for the ﬁrst time the existence of STIM1 in
oocytes; its presence was clearly shown both at the transcript and
protein levels. The fragment ampliﬁed from porcine oocytes has a
2058 bp coding sequence; in addition, a longer transcript that showed
high similarity to STIM1 precursors in primates was also found. The
deduced protein has 686 amino acids and has high similarity with
other homologues suggesting that porcine STIM1 can be expected to
possess similar structure and function as reported in other species.
It was demonstrated previously, that STIM1 primarily localized on
the endoplasmic reticulum and rapidly redistributed into punctae
near the plasma membrane after Ca2+ store depletion (Liou et al.,
2005). However, the mechanism of STIM1 action and its exact cellular
localization after store depletion is still a matter of debate. Whether it
is released from the endoplasmic reticulum to activate channels in the
plasma membrane or it accumulates in endoplasmic reticulum
regions located close to the plasma membrane and thus interacts
with entry channel components is unclear. A number of laboratories
demonstrated that upon store depletion endogenous STIM1 incorpo-
rates in the plasma membrane and becomes exposed to the surface
(Manji et al., 2000; Zhang et al., 2005; Spassova et al., 2006), while
others failed to show surface exposure using fusion constructs where
the N-terminus of STIM1 was labeled with ﬂuorescent proteins,
horseradish peroxidase or HA tag (Liou et al., 2005; Mercer et al.,
2006;Wu et al., 2006). Recently it has been suggested that N-terminal
tagging with bulky molecules interferes with protein trafﬁcking and
STIM1 surface exposure has been demonstrated by using short
hexahistidine tags in combination with a novel chelating ﬂuorophore
(Hauser and Tsien, 2007). Nevertheless, externalization of the N-
terminus does not seem essential to stimulate calcium inﬂux
channels; such channels are probably activated by the interaction
between the cytosolic C terminus of STIM1 and the cytoplasmic
domain of Orai1, a potential component of the Ca2+ release-activated
Ca2+ channel in the plasma membrane (Soboloff et al., 2006; Peinelt
et al., 2006). Our results indicated that endogenous STIM1 was
predominantly located in the cytosol and rearranged near the cell
375S. Koh et al. / Developmental Biology 330 (2009) 368–376periphery after a thapsigargin-induced Ca2+ release. Although we
applied various treatments for oocyte permeabilization and ﬁxation,
low signal intensity made it necessary to combine several optical
sections in order to better demonstrate STIM1 localization. The YFP-
STIM1 expressed in porcine oocytes behaved in a very similar manner:
ﬁrst it localized in the inner cytoplasmand a thapsigargin-evokedCa2+
store depletion triggered its redistribution. Although technical limita-
tions preventedus fromdetermining the degree of interactionwith the
plasmamembrane, the translocation and aggregationwas very similar
to what was reported previously. These results support the hypothesis
that Ca2+ store depletion induces STIM1 translocation to stimulate
CRAC channel activity in the plasma membrane.
In different cell types, overexpression of STIM1 enhanced store-
operated Ca2+ inﬂux to various degrees. In HEK293 cells STIM1
overexpression moderately enhanced thapsigargin-induced Ca2+
entry (Roos et al., 2005), while in He La cells store-operated Ca2+
inﬂux increased signiﬁcantly after STIM1 overexpression (Liou et al.,
2005). Furthermore, it was demonstrated that overexpression of
STIM1 resulted in a 5-fold increase in Ca2+ inﬂux but co-transfection
of STIM1 and Orai1 led to an approximately 20-fold increase in Ca2+
entry (Mercer et al., 2006). Here we found that in porcine oocytes,
STIM1 overexpression also enhanced the activity of the store-operated
Ca2+ channels compared to control oocytes. Elevated protein levels
were demonstrated by Western blot analysis. Although previously we
had been unable to identify endogenous STIM1 even in a large number
of oocytes by Western blot (probably due to relatively low STIM1
expression in pig oocytes and also, to limitations of the experimental
system using oocytes), using a polyclonal anti-GFP antibody we could
demonstrate the presence of the exogenously expressed YFP-STIM1.
Adding Ca2+ to the external medium after a thapsigargin-induced
store depletion led to higher intracellular Ca2+ levels in STIM1mRNA-
injected oocytes compared to the controls and the inﬂux was
completely blocked by La3+, an inhibitor of SOCs. As in other cell
types, STIM1-mediated Ca2+ inﬂux sustained high cytoplasmic Ca2+
levels in thapsigargin-pretreated oocytes for an extended period of
time. The results support the idea that STIM1 is a necessary
component of the signaling mechanism that links Ca2+ store
depletion to the activation of store-operated Ca2+ entry in porcine
oocytes.
The critical role of STIM1 in store-operated Ca2+ entry using STIM1
knockdown by siRNA has previously been demonstrated in various
types of somatic cells (Roos et al., 2005; Liou et al., 2005; Jousset et al.,
2007; Wedel et al., 2007). The result of our experiment using siRNA
injection indicated for the ﬁrst time that STIM1 has an essential role in
the regulation of store-operated Ca2+ entry in oocytes. Knockdown of
STIM1 in porcine oocytes completely suppressed thapsigargin-
induced Ca2+ inﬂux with no affect on the resting state cytosolic
Ca2+ concentration. The siRNA with a length of 25 bp was designed
to target positions 425–449 of the porcine STIM1 CDS which lies in
the SAM domain-encoding region. The target region was selected
based on the results of a genome-wide siRNA screen (Liou et al., 2005)
where 2304 siRNAs were used against the SH2-, SAM-, EF-hand- and
PH domains of human STIM1. Because the SAM domain-targeting
siRNA showed very efﬁcient knockdown, we also selected the
sequence encoding the porcine SAM domain as the target in our
experiment. When injected into oocytes, the siRNA showed highly
efﬁcient downregulation of STIM1 and suppression of store-operated
Ca2+ entry.
Blocking protein synthesis during the last 15 h of maturation had a
similar inhibitory effect on store-operated Ca2+ entry. This reveals an
interesting aspect of STIM1 physiology. Mammalian oocytes reach
their full capacity to generate a Ca2+ oscillation during the ﬁnal stages
of meiotic maturation and it is associated with a number of
cytoplasmic changes including reorganization of endoplasmic reticu-
lum, increase in the number (and modiﬁcations in the biochemical
properties) of IP3 receptors, increase in the concentration of Ca2+ ionsstored and redistribution of Ca2+-binding proteins in the endoplasmic
reticulum takes place (Carroll et al., 1996; Machaca, 2007; Ajduk et al.,
2008). STIM1 expression seems to be important from this respect and
our ﬁndings suggest that porcine STIM1 is primarily synthesized over
the last 15 h of maturation, or alternatively, the protein is very labile,
or both. Determining the relationship between STIM1 expression and
characteristics of induced Ca2+ oscillations at various phases of
maturation promises more insight into the role of STIM1 during Ca2+
signaling in the oocyte.
The results described above strongly argue for a central role of
STIM1 in the regulation of the store-operated Ca2+ entry mechanism
in oocytes and may be crucial to maintain the low frequency Ca2+
oscillation induced by the fertilizing sperm. This, however, needs
further investigations. It has been demonstrated that Ca2+ oscillations
are not alwaysmediated by SOCs butmay involvemembrane channels
opened by lipid second messengers (Shuttleworth, 1999) or other
channels such as transient receptor potential channels (TRPs) that are
associated with both store- and receptor-operated Ca2+ entry
(Grimaldi et al., 2003; Wu et al., 2002). Oocytes were also shown to
contain TRP channels (Brereton et al., 2000; Machaty et al., 2002), and
although STIM1 can activate canonical TRP channels (Huang et al.,
2006), additional research is required to characterize the exact role of
STIM1 in the Ca2+ oscillation seen during fertilization.
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